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Abstract: Cuboid-shaped organic microcavities containing a pyrromethene 
laser dye and supported upon a photonic crystal have been investigated as 
an approach to reducing the lasing threshold of the cavities. Multiphoton 
lithography facilitated fabrication of the cuboid cavities directly on the 
substrate or on the decoupling structure, while similar structures were 
fabricated on the substrate by UV lithography for comparison.  Significant 
reduction of the lasing threshold by a factor of ~30 has been observed for 
cavities supported by the photonic crystal relative to those fabricated on the 
substrate.  The lasing mode spectra of the cuboid microresonators provide 
strong evidence showing that the lasing modes are localized in the 
horizontal plane, with the shape of an inscribed diamond.   
 
OCIS codes: (140.2050) Dye lasers; (140.3945) Microcavities; (160.4890) Organic materials; 
(160.5470); Polymers; (220.4000) Microstructure fabrication;  (110.6895) Three-dimensional 
lithography. 
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1. Introduction 
Since the earliest demonstration of stimulated emission in a Rhodamine 6G dye/gelatin thin-
film, patterned with a distributed feedback grating [1], there has been interest in the 
development of organic microlasers (OMLs).  Over the intervening decades a wide variety of 
microresonator designs and organic dye-based gain media have been reported [2-4]. In recent 
years, OMLs have attracted considerable interest as tunable light sources for sensing [5], and 
have shown potential as highly emissive taggants, optical security features and for on-chip 
photonic applications [6].  Various OML structures such as vertical-cavity surface-emitting 
lasers have utilized reflective Fabry-Perot cavities, whereas waveguides, microspheres [7], 
micro-rings [8], micro-bottle [9], micro-toroids [10], and asymmetric cavity [11] structures 
utilize total internal reflection, eliminating the need for cavity mirrors and enabling a route to 
simple integration with chip-scale photonic devices.  In recent years, the fabrication of Fabry-
Perot like resonators, microsquares and other polygonal structures, as well as stadium 
structures, have been demonstrated by means of traditional UV lithography. While the modes 
of whispering gallery type resonators are based on ray trajectories along the cavity 
circumference, the modes of polygonal resonators are often localized on various types of ray 
trajectories as revealed by the analysis of their spectra[12-14]. 
Typically two-dimensional structures have been investigated, which means that the 
thickness is much smaller than the other dimensions. Here we address the fabrication and 
properties of three-dimensional (3D) cavities, i.e. the dimensions of the resonator are 
comparable in all directions. One of the many advantages of multiphoton lithography (MPL) 
over traditional 2D patterning techniques is the ability to fabricate arbitrary 3D structures. 
This provides the unique opportunity to investigate various designs that could enable 
decoupling of the microresonators from the substrate. Physical contact of the microresonators 
with the underlying substrate generally leads to an increase of mode losses and diffraction at 
the resonator-substrate interface [15, 16].  
In this paper, we report on the lasing properties of cuboid OMLs, fabricated through the 
use of 3D MPL [17-21] and conventional UV microlithography [22, 23], in order to examine 
OMLs that are distinctively three dimensional.  First, we compare the characteristics of OMLs 
produced by the two fabrication methods. Then, we consider one of the interesting challenges 
associated with substrate supported microlasers, that is, the loss due to the small index 
mismatch between the dye-doped polymer gain material and a glass substrate, or the optical 
coupling of the emission into and absorption loss due to a semiconductor substrate. We then 
investigate approaches to decouple the lasing emission of cuboid OMLs from the substrate, in 
an effort to reduce the lasing threshold and increase the output power of such structures.  
Body-centered tetragonal (BCT) woodpile photonic-crystal (PC) pedestals, with 
approximately eight layers and having close to the same edge dimension as the cuboid, were 
used as decoupling structures. We have examined the lasing spectra of the cuboids as a 
function of edge length and height to understand the impact of the cuboid dimensions and PC 
pedestal structures on the lasing mode spectra and lasing threshold. 
2. Experimental methods 
2.1. Organic microlaser fabrication by MPL 
For MPL fabrication, a photo-crosslinkable resin comprised of a propoxylated glyceryl 
triacrylate monomer (SR9020, Sartomer) and 0.5 wt% of a 2-benzyl-2-(dimethylamino)-4’-
morpholinobutyrophenone (Aldrich) photoinitiator. 1,3,5,7,8-pentamethyl-2,6-di-t-
butylpyrromethene-difluoroborate complex (PM-597, Exciton, see Fig. 1) was incorporated 
into the photocrosslinkable resin at a concentration of 0.8 wt% to form the gain medium. The 
pre-polymer resin was mixed on a stirring plate overnight prior to use. The sample cell was 
formed by sandwiching the pre-polymer resin between a glass microscope slide and a glass 
coverslip (VWR International) with a Kapton spacer (60 µm thickness). The microscope 
slides were pretreated with 3-(trimethoxysilyl)propyl methacrylate (Aldrich) to promote 
adhesion of the polymer to the glass substrate. Photocrosslinking was performed using 12-20 
mW average power from a mode-locked Ti:sapphire laser (Tsunami, Spectra-Physics, 750 
nm, ~ 120 fs pulses, 82 MHz repetition rate) that was directed through a raster scanner 
(MRC1024ES, BioRad) and focused into the sample cell by a 40×ELWD microscope 
objective (Nikon, NA=0.6). 
 
Fig. 1. Chemical structure of PM- 597 
Cuboid OMLs with edge lengths ranging from 28 µm to 58 µm were fabricated by 
controlling the raster scanning area (i.e. layer area) via the zoom adjustment and pixel density. 
The heights (between 26 µm and 46 µm) of the OMLs were defined by computer controlled 
translation of the sample stage (MP-285, Sutter Instruments) along the optical axis. A 
fabrication protocol, via a home-built LabView program, involving a raster scan followed by 
a controlled step in the z-direction (step size of 1 µm) was implemented to achieve good 
overlap of adjacent layers (~4 µm thickness) and to ensure uniform exposure throughout the 
fabricated structure. The stage was synchronized with a mechanical shutter to expose each 
layer for a time duration of 4.3 s. The OMLs were fabricated directly on a glass substrate or 
on BCT woodpile PC pedestals with an in-plane (x,y) spacing of 5 µm and a layer spacing (z) 
of 2 µm. The latter were fabricated by computer-controlled translation of the sample with 
respect to a stationary focused laser beam. The structures were developed using 4-methyl-2-
pentanone (Aldrich) with two washing cycles of 5 minutes each. 
2.2. Organic microlaser fabrication by UV lithography 
For the UV lithography fabrication procedure a commercially available SU8 photoresist with 
high viscosity (SU8 2025 by MicroChem) was used as the polymer matrix. It is well-suited 
for the production of thick microstructures with high aspect ratios. The resin was 
ultrasonicated and stirred after addition of PM-597 (0.5 wt% relative to the polymer in 
solution) to fully dissolve the laser dye prior to use. A film of the resin was deposited on 
either silicon oxide (2 µm) on silicon wafers (Si/SiO2) or on glass slides by spin-coating. The 
film thickness was determined by the viscosity of the resist and the parameters of the spin-
coating process. Thicknesses in the range of 20–100 µm were achieved. The samples were 
then subjected to a pre-exposure bake (5 min at 65°C and 60 min at 95°C). The length of the 
pre-bake was significantly increased relative to the standard process recommended by 
MicroChem to reduce the amount of residual solvent. The UV lithography process was 
implemented on a manual mask aligner (MJB4, Suss MicroTech). The duration of exposure 
depended on the film thickness and varied in the range of 20–100 seconds. Afterwards the 
samples were post-exposure baked (3 min at 65°C and 10-15 min at 95°C) and developed for 
5–10 min in SU8 developer followed by an isopropanol wash. 
2.3. Scanning electron microscope images 
The OMLs were investigated using scanning electron microscopy (SEM, Hitachi S3400N or 
Zeiss Ultra60), optical microscopy (UMA600, Agilent), and a stylus profilometer (Dektak 
3ST, Veeco) in order to determine the quality of the cavity surfaces and the perpendicularity 
and parallelism of the facets. The samples were coated by a 10 nm thick gold layer prior to 
SEM imaging, which was subsequently removed with potassium iodide. SEM images of 
OMLs of various shapes, including structures with rounded features, are presented in Fig. 2. 
They were analyzed using image analysis software (ImageJ, NIH) to obtain the widths, 
lengths, and heights of the OMLs. The SEM images demonstrate that cavities with high  
 
Fig. 2.  SEM images of microlasers. (a) cuboid  OML with PC  pedestal structure fabricated by 
MPL; (b) cuboid  OML fabricated on glass substrate by MPL; (c-e) OMLs fabricated by UV 
lithography.  
aspect ratios, very few defects, and almost arbitrary shapes can be obtained from laser dye-
doped resins with both fabrication techniques.  In the following sections, we will focus on 
cuboid OMLs. 
2.4. Optical characterization 
Organic microlasers were pumped at room temperature with a pulsed frequency-doubled 
Nd:YAG laser (532 nm, 500 ps, 10 Hz) through the top surface (xy-plane) of the OML, along 
the z-axis, as shown in Fig. 3(a). The energy of the pump laser was adjusted by the 
combination of a half-wave plate and a polarizer. An additional half-wave and quarter-wave 
plate controlled the polarization state of the pump laser [not shown in Fig. 3(a)]. A circularly 
polarized pump beam was used for the measurements reported here. The size of the pump 
spot was adjusted through use of lenses such that the pump spot covered a whole microcavity, 
but none of the neighboring ones, so that only one OML was pumped at a time. The full width 
at half maximum of the spot was about 200 µm. The light emitted by the OML in the x-y-
plane was collected by a lens and transferred via a fiber to a spectrometer (Spectra Pro 2500i, 
Acton Research). The sample was positioned on a rotational stage to allow measurement of 
the emission into different directions in the x-y-plane. A second optical setup (not shown here) 
was also used to measure the emission out of the x-y-plane [16]. The spectra shown here were 
measured in the x-y-plane and in a direction perpendicular to a cavity side wall.  
 
Fig. 3. (a) Schematic drawing of the experimental setup (not to scale). (b) optical image of a 
lasing cuboid OML with fabricated by MPL on a PC pedestal and (c) optical image of a cuboid 
OML on a Si/SiO2 substrate fabricated by UV lithography. Note the duplication of the images 
due to reflection from the substrate. 
A camera (UI324xCP-C, IDS Imaging) with a high-magnification zoom lens (Zoom 6000, 
Navitar) was used to obtain images of the cavities under lasing conditions. The camera was 
slightly inclined with respect to x-y-plane [Fig. 3(a)]. Images of two different lasing cuboid 
OMLs are shown in Fig. 3(b) and (c). Fig. 3(b) shows a cavity fabricated by MPL with a side 
length (a) of 36.0 µm and a height (h) of 34.7 µm with an underlying PC pedestal, while Fig. 
3c shows a cavity fabricated by UV lithography on a Si/SiO2 wafer with a side length of 200 
µm and a height of 50 µm. The cavities were rotated such that the majority of the lasing 
emission (yellow), coming from a side facet, was in the direction of the camera. For the 
cuboid OML on the PC pedestal, some green pump light scattered by the PC pedestal and 
edges of the OML is also captured by the camera.  
3. Results and discussion 
3.1. Spectral properties 
Fig. 4 shows a typical multimode lasing spectrum of a cuboid cavity (50(a)×50(a)×25(h) 
µm3), that was fabricated by UV lithography, with pump intensity just above the threshold. 
The resonances show a linewidth of about 0.1 nm and are regularly spaced. Such a series of 
equidistant resonances suggests that the observed resonant modes are localized on a periodic 
ray trajectory inside the cavity (a so-called periodic orbit, PO) [12, 14]. If this is the case, then 
the resonance wavenumbers, km, fulfill a semiclassical quantization condition of the form: 𝑛𝑙!"𝑘! = 2𝜋𝑚 + 𝜑     (1) 
where n is the refractive index of the cavity, 𝑙po is the length of the PO, m is the mode 
quantum number, and ϕ is a phase shift due to, e.g., reflections at the boundaries of the cavity. 
Hence, the free spectral range (FSR) Δk = km−km−1 of the family of modes is given by: ∆𝑘 = !!!!!!"      (2) 
where ng is the group refractive index taking into account the dispersion of the refractive 
index of the medium [14]. The Fourier Transform (FT) of the spectrum (i.e., the 
transformation from wave number k to optical length 𝑙opt) then exhibits a peak at 𝑙opt = ng  𝑙po. 
Therefore, the FT of the lasing spectrum allows the identification of possible underlying POs. 
The FT of the lasing spectrum of the cuboid cavity is shown as an inset in Fig. 4. It exhibits a 
peak at 𝑙opt = 244 µm, as well as several harmonics. From ellipsometry measurements, the 
refractive index of SU-8 is about 1.6. Hence, the only PO consistent with the experimental 
optical length is a 2D diamond orbit in the x,y plane, which is totally internally reflected at 
each of the vertical side walls of the cavity as shown in the inset of Fig. 4. The optical length 
of the diamond mode is 𝑙opt = ng2√2a = 226 µm, where a = 50 µm is the length of the 
sidewall, which is in good agreement with the optical length observed in the Fourier 
spectrum.  
 
Fig. 4. Lasing spectrum of a cuboid cavity (50×50×25µm3) fabricated by UV lithography. The 
insets show the Fourier transform of the lasing spectrum and a sketch of the diamond periodic 
orbit. 
The same general structure of the lasing mode spectrum was also observed for the other 
cuboid cavities. Fig. 5 shows the spectra of a cuboid cavity on a PC pedestal fabricated by 
MPL and pumped with two different intensities. Just above the threshold (upper curve), the 
spectrum shows primarily a single family of equidistant modes like in Fig. 4. It should be 
noted that the same spectrum (with varying amplitude) was observed in all emission 
directions in and out of the x-y plane. When the edge lengths of the cavities were varied the 
structure of equidistant resonances was preserved. However, as the side length of the OML 
decreased, the number of observed modes decreased as a result of the increase of the FSR. 
Fig. 6(a) shows the optical length corresponding to the FSR as a function of the edge length a 
for three cavities with an identical height of h = 42 µm. The error bars correspond to the 
width of the peaks in the FTs of the lasing spectra. The optical length of the diamond orbit is 
indicated by the blue line, using a refractive index ng = 1.51, determined by prism coupling 
and ellipsometry. The good agreement between the blue line and the data points confirms that 
the observed families of modes are related to the diamond orbit. Furthermore, Fig. 6(b) shows 
the optical lengths obtained from the FTs of the lasing spectra for a series of cavities with 
varying height but identical side length a = 58 µm. This shows that the optical length is 
independent of the cavity height within the error margins. This is a clear indication that the 
underlying PO is two-dimensional, i.e., it rests within the x-y-plane and has no reflections at 
the top and bottom facets. The optical length predicted for the diamond orbit is indicated by 
the blue line and agrees well with the measured optical lengths. All these results give 
evidence that the observed lasing modes of the cuboid cavities are related to the diamond 
orbit.   
 
Fig. 5. Normalized lasing spectra of a cuboid cavity (58×58×32µm3) on a PC pedestal 
fabricated by MPL pumped at two different intensities.  
 
 
Fig. 6. (a) Optical length versus cavity side length a for cuboid cavities with a height of h = 42 
µm, fabricated by MPL. The blue line is the optical length of the diamond orbit for a group 
refractive index of ng = 1.51. (b) Optical length versus the height of cavities with side length a 
= 58 µm. The blue line is the optical wavelength of the diamond orbit for a group refractive 
index of ng = 1.51. 
3.2. Photostability 
The photostability of the 3D OMLs was investigated since the longevity of the laser dye 
incorporated into a polymer matrix is critical for practical applications. Firstly, the cuboid 
OML samples show no evidence of degradation during storage at room temperature and 
ambient atmosphere over a period of months. When pumped optically, the lifetime of the dye 
depends on the pump intensity. Recovery phenomena are observed as well if the OML is not 
pumped during a sufficiently long time (typically one hour) [24]. The photostability curve of a 
cuboid cavity supported by a PC pedestal fabricated by MPL is shown in Fig. 7. The OML 
was pumped just above its threshold without interruption for approximately 100,000 pump 
pulses and the emitted intensity showed only a very small variation for this number of pulses. 
 
Fig. 7.  Photostability curve of a cuboid OMLs (58×58×32µm3) on a PC pedestal fabricated by 
MPL and pumped just above the threshold. 
3.3. Lasing thresholds 
The lasing thresholds of the cuboid cavities supported either directly by the substrate or by 
a PC pedestal, that were fabricated by UV and MPL techniques, have been investigated. 
Because the threshold intensity depends on the resonator shape and decreases as the size 
increases, the thresholds for cuboid cavities of comparable size were measured. Fig. 8 shows 
the threshold data for two cuboids fabricated by MPL, with a size of 36×36×35 µm3, one  
 
Fig. 8.  Lasing threshold data for different OMLs of cuboid shape. The intensity of the laser 
emission is plotted with respect to the pump intensity for a cavity fabricated by MPL on a PC 
pedestal (red circles), a cavity fabricated by MPL directly on the glass substrate (blue squares), 
and a cavity fabricated by UV lithography on a Si/SiO2 wafer (black triangles). The lines are 
guides to the eye. 
 
supported by a PC pedestal [cf. Fig. 3(b)], one supported directly on a glass substrate, and a 
cuboid of size 35×35×31 µm3 fabricated by UV lithography on a Si/SiO2 wafer. Each cavity 
showed a clear lasing threshold, which is typically one order-of-magnitude lower than for 
comparable two-dimensional cavities [25]. The lasing threshold of the MPL fabricated cuboid 
cavity on the PC pedestal is approximately two times smaller than that of the cavity fabricated 
directly on the glass substrate. This may be associated with a higher refractive index contrast 
across the interface due to the lower effective index of the PC structure. Clearly, the 
decoupling of the OML from the substrate by the PC structure leads to a significant reduction 
of the optical losses from the cavities to the substrate modes. The lasing threshold of cuboid 
3D cavities on the PC decoupler is about a factor of four lower than that of the cuboid 
fabricated by UV lithography on the Si/SiO2 substrate. The thresholds are smaller than those 
of comparable 2D cavities. Further improvements may be possible by optimizing the surface 
quality, pedestal geometry, and dye concentration of the cavities. The lasing threshold for the 
cuboid OMLs attached directly to the substrate was observed to decrease as the cavity height 
increased from 26 to 46 µm, for a constant edge length (see Fig. 9).  Measurements of the 
absorption coefficient (α) for the PM-597 dye at 0.8 wt% in the MPL cross-linked resin gave 
a value of α = 2100 cm-1, corresponding to a 1/e attenuation of the pump beam over a depth of 
~ 5 µm from the top of the cavity, which is substantially smaller than the overall height of the 
cavity. This suggests that the OML is initially only being effectively pumped in the  
	  
Fig. 9.  Lasing threshold curves for OMLs with constant 36 µm edge lengths and varying 
heights fabricated directly on the substrate.  For these measurements, 6 ns, 532 nm laser pulses 
were used for excitation.  
volumetric region near the top of the cavity (for the current pump configuration).  However, 
the camera image in Fig. 3(b) shows that the lasing modes of thick cavities appear to be 
localized in the upper part of the cavity. This is consistent with the observation of a 2D 
diamond PO, independent of the height of the OMLs, over the range investigated.  For the 
shorter OMLs, the losses due to out-coupling of emission into the bulk modes of the glass 
substrate could result in increased loss.  As the OML heights are increased, the distance 
between the lasing top portion of the cavity and the substrate increases, resulting in a 
reduction in the lasing threshold. This may be attributed to the larger distance between the 
pumped top region and the substrate, resulting in lower loss into the substrate. To corroborate 
this interpretation, a series of OMLs with the same range of heights mentioned above were 
fabricated on top of BCT-PC pedestals and the lasing threshold energies were determined, see 
Fig. 10.  Contrary to the substrate-supported structures, the lasing thresholds of the PC 
supported structures were relatively constant, owing to the effective decoupling provided by 
the PC.  Conversely, the thresholds for the shortest cavities placed directly on the substrate 
were ~ 30 times higher than those on the photonic crystal pedestal.  
 Fig. 10.  Lasing threshold data for OMLs with constant 36 µm edge lengths and varying 
heights fabricated directly on the substrate (blue) or on a photonic crystal pedestal (red).  For 
these measurements, 6 ns, 532 nm laser pulses were used for excitation.  
3.4. Spectral evolution 
As the pump power was increased beyond the lasing threshold, new families of equidistant 
resonances appeared as seen in the lower part of Fig. 5. The spectrum shown there features a 
total of four such families. Their FSRs are identical within the precision limits of our 
experimental setup. Thus, these new families of resonances also appear to be related to the 
diamond orbit. However, they are based on resonant modes with higher losses. This is 
demonstrated in Fig. 11 where the amplitudes of four resonances belonging to the four  
 
Fig. 11. Threshold curves of resonances belonging to four different families of resonances of a 
cuboid cavity (58×58×32 µm3) on a PC pedestal fabricated by MPL. The inset shows a portion 
of the lasing spectrum with the resonances identified. 
different families are plotted with respect to the pump power. Each of the four curves shows a 
different threshold, as the different mode families began to lase one after the other when the 
pump intensity was increased. Theoretical investigations are underway to obtain a detailed 
understanding of the different types of modes in a cuboid OML and their lasing dynamics. 
4. Conclusions 
We have fabricated true 3D OMLs using UV lithography and MPL techniques. The 
advantages of the former technique lie in the short time-scale for fabrication and, the large 
number of structures that can be fabricated at the same time, while the latter technique makes 
it possible to fabricate arbitrary 3D resonator shapes, including complex pedestal structures.  
We have investigated the effect of OML dimensions and the use of BCT-PC decoupling 
structures on the lasing spectra and thresholds. For cuboid OMLs, the lasing spectra feature 
families of equidistant modes that are apparently localized on a diamond-shaped PO in the 
horizontal plane, even though the cavities have a similar size in all three dimensions. This is 
evidenced by the fact that the FSR of the mode families does not depend on the height of the 
cavities. The confinement of this PO by total internal reflection allows for low lasing 
thresholds of the associated mode families. Our OMLs based on the PM-597 dye in a 
crosslinked acrylate polymer show very good photostability with negligible intensity decay 
over ~100,000 shots, for pumping just over the threshold.  The lasing threshold of the OMLs 
is significantly reduced, by a factor of two to four for cavities supported on BCT-PC 
structures as compared to OMLs supported directly on the substrate.  Under increased pump 
intensity, new families of higher-loss diamond modes emerge and show different thresholds.  
We have also observed that as the height of substrate supported OMLs is increased, the lasing 
threshold is reduced by over an order of magnitude.  The emission wavelengths and FSRs can 
be readily controlled by changing the edge-length of the microresonators. These 
microresonators can be easily integrated with other optical elements, i.e. waveguides, 
resonators, and detectors, on a chip or other substrate, and the processing conditions are quite 
mild compared to undercutting by etching chemistries. The flexibility of this fabrication 
technique also allows for further studies along the lines of coupled microresonators of various 
sizes, shapes and spacings for use in sensing, labeling and photonics. 
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